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Abstract
In this paper, the effect of time difference of arrival (TDoA) is investigated for distributed nodes in OFDMA-based wireless 
mesh networks (WMNs). In order to minimize the interferences caused by TDoA in WMNs, the optimal starting point of FFT 
window at the receiver side of a node is derived by maximizing the effective SINR for each subcarrier. Also, a signal detection 
technique, called two dimensional ordered successive interference cancellation (TD-OSIC), is proposed for WMNs with 
TDoAs. It was shown via simulation that the proposed technique can achieve effective SINR and BER performances similar 
to the ideal case (no TDoA), even in WMNs with large TDoAs.
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1. Introduction
Due to the feature of dynamic self-organization and 
self-configuration, wireless mesh networks (WMNs) have 
been actively investigated for many application scenarios 
such as enterprise networking, tactical information and 
communication networks, wireless networks for public 
safety, and broadband metropolitan area networks. WMNs 
are known to have the advantages of low up-front cost, 
easy network maintenance, robustness, and reliable service 
coverage [1][2][3]. One of the prominent challenges in 
distributed wireless networks is synchronization between 
nodes, especially when the GPS reference timing signal 
cannot be used. Distributed synchronization techniques for 
decentralized wireless networks have been investigated 
using the exchange information of local timing among 
neighboring nodes at physical layer [4].
Recently, a single-frequency fully-synchronized WMN 
was implemented on the Eurecom's OpenAirInterface 
platform, which targets WiMAX and UMTS LTE-like 
networks [5]. In [5], orthogonal frequency division multiple 
access (OFDMA) has been considered as a modulation 
and multiple access technique for WMNs because it can 
increase data rates and flexibilities of resource allocation 
while avoiding the interferences among multi-channels. 
As in other WMNs, direct communication between mesh 
routers (MRs) is allowed in the OpenAirInterface platform 
when the uplink transmission from MR to cluster header 
(CH) is being performed. The transmission time instant and 
power of MR are adjusted through a ranging procedure, 
such as random access in OFDMA-based cellular systems, 
to minimize multiple access interference (MAI) between 
CH and MRs in a cluster. Also, network synchronization 
among adjacent clusters is achieved by cooperation between 
CH and MR (located at the cluster boundary).
In WMNs, the signals received at the CH are all time-
aligned because the uplink signal to be transmitted from each 
MR in the cluster is time-advanced by the amount of delay 
between the CH and MR. However, the signals also arrive 
at the other MRs with time difference of arrival (TDoA) in 
WMNs. Therefore, the MR can receive not only a desired 
signal but also undesired signals from adjacent MRs in WMNs 
with TDoAs, resulting in inter-symbol interference (ISI), inter-
carrier interference (ICI), and inter link interference (ILI).
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In recent years, the effective SIR in the presence of 
imperfect synchronization for OFDMA-based uplink 
systems has been derived and interference mitigation 
techniques have been proposed [6][7]. However, there have, 
thus far, been no report on the effect of TDoA or signal 
detection techniques for WMNs with TDoAs. In this paper, 
we propose a signal detection technique for WMNs with 
TDoAs, called two-dimensional ordered successive 
interference cancellation (TD-OSIC). It was shown by 
simulation that the proposed technique can minimize the 
effect of TDoA in WMNs while providing diversity gain in 
the process of signal detection and interference cancellation.
2. A Signal Detection Technique 
In this section, a signal detection technique that can 
minimize the effect of TDoA at the receiver side is proposed 
for a WMN with TDoAs. Here, it is assumed that resources 
for the desired signal (𝑢𝑢 = 0 ) and 𝑢𝑢 th undesired signal 
(1 ≤ 𝑢𝑢 ≤ U) are allocated to the subcarrier set 𝐤𝐤𝑢𝑢 in an 
orthogonal manner to avoid CCI. It is also assumed that 1 
desired signal (𝑢𝑢 = 0) and U undesired signals arrive at a 
node under being tested. If we define ∆0 as the starting 
point of the FFT window at the node with reference to the 
starting point of received symbol for the desired signal and 
𝛿𝛿𝑢𝑢 as the TDoA between the desired symbol and the 𝑢𝑢 th
undesired symbol, the offset between the 𝑢𝑢 th undesired 
symbol and the starting point of FFT window at the node is 
given by ∆𝑢𝑢= −𝛿𝛿𝑢𝑢 + ∆0. Then, the signal received at the 
subcarrier set 𝐤𝐤0 in the 𝑚𝑚 th symbol is composed of the 
desired signal, interferences, and noise. Here, the 
interferences can be expressed by ISI and ICI terms caused 
by ∆0 in the desired symbol and ILI term caused by ∆𝑢𝑢 in 
the undesired symbol as follows:
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where 𝑦𝑦𝑚𝑚,𝑢𝑢(𝑘𝑘,∇k|∆𝑢𝑢 ) is defined as
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where ℎ𝑚𝑚,𝑢𝑢,𝑙𝑙, 𝐿𝐿𝑢𝑢, and ∇k denote the channel coefficient 
of the 𝑙𝑙th multipath for the 𝑚𝑚th symbol transmitted from the 
𝑢𝑢 th transmitter, the number of multipath components, and
'k k− , respectively. Also, 𝑥𝑥𝑚𝑚,𝑢𝑢(𝑘𝑘,∇k|∆𝑢𝑢) denotes the 
interference term affecting the (𝑘𝑘 + ∇k)th subcarrier due to 
the 𝑢𝑢th signal with ∆𝑢𝑢 sample offsets at the 𝑘𝑘th subcarrier. 
Then, the power of desired signal, ISI, ICI, and AWGN, at 
the 𝑘𝑘th subcarrier (𝑘𝑘 ∈ 𝐤𝐤0) can be expressed as follows:
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where 𝜎𝜎ℎ𝑢𝑢
2 (𝑙𝑙) denotes the variance of the 𝑙𝑙 th multipath 
channel for the 𝑢𝑢th transmitter. Also, 𝜎𝜎𝑥𝑥𝑢𝑢
2 (∇𝑘𝑘𝑢𝑢|∆𝑢𝑢 ) denotes 
the averaged interference power of 𝑥𝑥𝑚𝑚,𝑢𝑢(𝑘𝑘,∇k|∆𝑢𝑢) caused 
by ∆𝑢𝑢 sample offsets of the 𝑢𝑢th signal and can be expressed 
differently depending on the value of ∆𝑢𝑢 as follows:
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where 𝑁𝑁 and 𝐺𝐺 denote the total number of subcarriers in 
the FFT and samples in the guard interval, respectively.
Then, the effective SINR at the 𝑘𝑘 th subcarrier (𝑘𝑘 ∈ 𝐤𝐤0)
and the corresponding BER for 𝑀𝑀 -QAM over Rayleigh 
fading channel are given by
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2. A Signal Detection Technique
2
From (12), one can see that the BER performance varies 
depending on the subcarrier position and the starting point 
of the FFT window. The optimal starting point of the FFT 
window that minimizes the BER at the 𝑘𝑘th subcarrier can be 
found by locating the point that maximizes the effective 
SINR at the subcarrier. The optimal starting point can be 
derived using inequality properties as follows:
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In the proposed signal detection technique, the optimal 
starting point of the FFT window for each subcarrier is first 
determined by (13) to minimize error propagation in the 
process of interference cancellation. Then, the interference 
terms due to the TDoA are subtracted in descending order 
from the subcarrier with the highest effective SINR. In the 
proposed TD-OSIC technique, the interferences (ISI and ICI) 
caused by the desired user and other users are cancelled in 
both the time- and frequency-domain as follows:
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Here, 𝐲𝐲𝑚𝑚(∆0) denotes the 𝑚𝑚 th signal vector, which is 
composed of the signals received from adjacent nodes in the 
frequency domain when the starting point of FFT window is 
set to ∆0 . Also. 𝐱𝐱𝑚𝑚,𝑢𝑢 and 𝐱𝐱𝑚𝑚,𝑢𝑢𝑖𝑖 denote the signal vector 
transmitted from the 𝑢𝑢th node at the 𝑚𝑚th symbol period and 
the signal (ISI) vector at the (𝑚𝑚 − 1)th or (𝑚𝑚 + 1)th symbol 
period, respectively, all in the frequency domain. The vector 
𝐱𝐱𝑚𝑚,𝑢𝑢𝑖𝑖 becomes 𝐱𝐱𝑚𝑚−1,𝑢𝑢 or 𝐱𝐱𝑚𝑚+1,𝑢𝑢 depending on the situation, 
where the ISI occurred is due to either the previous symbol 
or next symbol. The components not included in the 
subcarrier set 𝐤𝐤𝑢𝑢 are set to zero in the vector 𝐱𝐱𝑚𝑚,𝑢𝑢 . The 
vector 𝐳𝐳𝑚𝑚 denotes the AWGN in the frequency domain. 
Also, 𝐇𝐇𝑚𝑚,𝑢𝑢𝑒𝑒 �∆0,𝑘𝑘∗ � and 𝐇𝐇𝑚𝑚,𝑢𝑢𝑖𝑖 �∆0,𝑘𝑘∗ � represent the effective 
channel and interference channel matrices for the 𝑚𝑚 th
symbol received from the 𝑢𝑢th node, respectively, when the 
receiver has the optimal starting point of FFT at the 𝑘𝑘 th
subcarrier. 𝐱𝐱�𝑚𝑚,0 denotes the vector composed of the 
previously detected signals from the 𝑚𝑚 th desired OFDM 
symbol, and 𝐱𝐱�𝑚𝑚,0𝑖𝑖 denotes the vector of the previously 
detected signals from the (𝑚𝑚 − 1)th or (𝑚𝑚 + 1)th desired 
OFDM symbol, all in the frequency domain.
When −G ≤ ∆𝑢𝑢< 𝐿𝐿𝑢𝑢 − 𝐺𝐺 − 1 , 𝐱𝐱𝑚𝑚,𝑢𝑢𝑖𝑖 , 𝐇𝐇𝑚𝑚,𝑢𝑢𝑒𝑒 (∆𝑢𝑢) , and 
𝐇𝐇𝑚𝑚,𝑢𝑢𝑖𝑖 (∆𝑢𝑢) in (14) and (15) are given by 𝐱𝐱𝑚𝑚−1,𝑢𝑢, 𝐅𝐅�𝐇𝐇𝑚𝑚,𝑢𝑢 −
𝐇𝐇𝑚𝑚−1,𝑢𝑢�𝐅𝐅H𝐖𝐖 , and 𝐅𝐅𝐇𝐇𝑚𝑚−1,𝑢𝑢𝐅𝐅H , respectively. Here, 𝐀𝐀H
denotes the Hermitian matrix of 𝐀𝐀. 𝐅𝐅 and 𝐖𝐖 denote the 
DFT matrix whose (𝑘𝑘,𝑛𝑛) th entry is 𝑒𝑒−𝑗𝑗2𝜋𝜋𝜋𝜋𝑘𝑘/𝑁𝑁 and a 
diagonal matrix whose 𝑘𝑘 th diagonal entry is 𝑒𝑒−𝑗𝑗2𝜋𝜋𝜋𝜋𝑘𝑘/𝑁𝑁 ,
respectively. Also, 𝐇𝐇𝑚𝑚,𝑢𝑢 is a circulant matrix whose ∆𝑢𝑢 th
column is �ℎ𝑚𝑚,𝑢𝑢,0, ℎ𝑚𝑚,𝑢𝑢,1,⋯ ,ℎ𝑚𝑚,𝑢𝑢,𝐿𝐿𝑢𝑢−1𝟎𝟎1,𝑁𝑁−𝐿𝐿𝑢𝑢�T . 𝟎𝟎𝑘𝑘,𝜋𝜋 and 
𝐀𝐀T denote the zero matrix with a size of 𝑘𝑘 × 𝑛𝑛 and the 
transpose matrix of 𝐀𝐀 , respectively. 𝐇𝐇𝑚𝑚−1,𝑢𝑢 is the 
interference channel matrix including ISI and ICI caused by 
the previous symbol, and is given by
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Unlike the conventional signal detection techniques 
( ∆0,𝑘𝑘∗ = 0,∀𝑘𝑘 ∈ 𝒌𝒌0 ), the interferences caused by desired 
symbols may exist due to ∆0,𝑘𝑘∗ ≠ 0 in the proposed 
technique. The effects of interferences caused by desired 
and undesired symbols are minimized in the proposed 
approach by finding the optimal starting point of FFT 
window for each subcarrier using (13), re-ordering the 
subcarrier index according to the effective SINR using (11), 
and canceling the interferences in both the time- and 
frequency-domain using (14).
3. Simulation Results 
In this section, performances of the proposed signal 
detection technique for a WMN with TDoA are evaluated 
by computer simulation. Parameters for simulation are set to
𝑁𝑁 = 256 , 𝐺𝐺 = 32 , and 𝐿𝐿𝑢𝑢 = 33 . It is assumed that the 
channel impulse response has an exponentially decaying 
power delay profile.
In Fig. 1, effective SINR performances of the proposed 
technique for adjusting the starting point of the FFT window 
in (13) are compared with those of the conventional one 
when TDoA and DUR vary. Here, the number of subcarriers 
allocated to desired node, 𝐾𝐾0, is set to 32 or 128, and the 
rest of the subcarriers 𝑁𝑁 − 𝐾𝐾0 are allocated to the other 
nodes. SNR is set to 20dB. From this figure, one can see 
that effective SINR performances are almost identical 
regardless of DUR and 𝐾𝐾0 when the proposed approach is 
applied. Also, the amount of performance degradation in the 
effective SINR for 𝛿𝛿1 = −20 is less than 1.5dB compared 
with the case of 𝛿𝛿1 = 0. On the other hand, the effective 
3 http://www.ictexpress.org
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SINR performances of the conventional technique (∆0,𝑘𝑘∗ =0,∀𝑘𝑘 ∈ 𝒌𝒌0) decrease significantly as DUR or 𝐾𝐾0 decreases. 
The effective SINR performances also decrease as TDoA 
increases. From this figure, one can see that the proposed 
technique can enhance the effective SINR significantly in a 
WMN with TDoAs.
Fig. 1. Effective SINR vs. TDoA
Fig. 2. BER performance comparison of signal 
detection techniques for a WMN with TDoA
In Fig. 2, BER performances of the proposed TD-OSIC 
signal detection technique are compared with the 
conventional one (OSIC). Here, parameters for simulation 
are set to 𝐾𝐾0 = 32, 𝛿𝛿1 = −2 or −20, and DUR is 0dB or -
10dB. Also, 16QAM modulation and zero-forcing detection
for initial value are used. From this figure, one can see that 
the proposed technique has the same performance regardless 
of DUR and has only about a 0.5dB gap at a BER of 10-3
compared with the analytic one, when 𝛿𝛿1 = −2 . On the 
other hand, error floors occur in most cases of the 
conventional technique. The BER performances of the 
conventional technique decrease as DUR or 𝛿𝛿1 decreases. 
From this figure, we can see that the proposed technique can 
minimize the interferences caused by TDoA in a WMN with 
a large TDoA and low DUR.
4. Conclusion 
In this paper, we investigated the effect of TDoA for 
distributed nodes in OFDMA-based WMNs and proposed a 
signal detection technique for WMNs with TDoAs. Through 
simulation results, it was shown that a significant 
performance loss may occur due to the interferences (ISI, 
ICI, ILI) caused by TDoA in a WMN and the effective 
SINR and BER performances similar to the ideal situation 
(no TDoA) can be achieved in a WMN with a large TDoA 
by applying the proposed TD-OSIC signal detection 
technique.
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4. Conclusion
In this paper, we investigated the effect of TDoA for 
distributed nodes in OFDMA-based WMNs and proposed 
a signal detection technique for WMNs with TDoAs. 
Through simulation results, it was shown that a significant 
performance loss may occur due to the interferences (ISI, 
ICI, ILI) caused by TDoA in a WMN and the effective SINR 
and BER performances similar to the ideal situation (no 
TDoA) can be achieved in a WMN with a large TDoA by 
applying the proposed TD-OSIC signal detection technique.
Acknowledgements
This research was supported by the MSIP(Ministry 
of Science, ICT & Future Planning, Korea, under the 
ITRC (Information Technology Research Center) support 
program (NIPA-2014-H0301-14-1015) supervised by the 
NIPA(National ICT Industry Promotion Agency) and by 
Basic Science Research Program through the National 
Research Foundation of Korea (NRF) funded by the Ministry 
of Education, Science and Technology (2012005603).
References
[1]  I. F. Akyildiz and X. Wang, “A survey on wireless mesh 
networks,” IEEE Commun. Mag., vol. 43, no. 9, pp. 
S23-S30, Sept. 2005.
[2]  S. J. Lee et. al., “Understanding Interference and Carrier 
Sensing in Wireless Mesh Networks,” IEEE Commun. Mag., 
vol. 47, pp. 102-109, July 2009.
[3]  Ö. Oyman, J. N. Laneman, and S. Sandhu, “Multihop 
relaying for broadband wireless mesh networks: from theory 
to practice,” IEEE Commu . Mag., vol. 45, no. 11, pp. 116-
122, Nov. 2007.
[4]  O. Simeone, U. Spagnolini, Y. Bar-Ness, and S.H. Strogatz, 
“Distributed Synchronization n Wirel ss Networks,” IEEE
Signal Processing Mag., vol. 25, no. 5, pp. 81–97, Sept. 
2008.
[5]  F. Kaltenberger et. al., “Design and Implementation of a 
Single-frequency Mesh Network using OpenAirInterface,” 
EURASIP Journal on Commun. and Networking, vol. 2010, 
2010
[6]  K. Raghunath and A. Chockalingam, “SIR analysis and 
interference cancellation in uplink OFDMA with large carrier 
frequency/timing offsets,” IEEE Trans. Commun., vol. 8, pp. 
2202-2208, May 2009.
[7]  S. W. Hou and C. C. Ko, “Intercarrier Interference 
Suppression for OFDMA Uplink in Time- and Frequency-
Selective Fading Channels,” IEEE Trans. Veh. Technol., vol. 
58, pp. 2741-2754, July 2009.
Fig. 1. Effective SINR vs. TDoA
Fig. 2.  BER performance comparison of signal detection techniques for 
a WMN with TDoA
